Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease involving the 29 selective death of upper and lower motor neurons in the primary motor cortex and 30 spinal cord. A hallmark of ALS pathology is the accumulation of ubiquitinated 31 protein inclusions within motor neurons. Previous studies suggest the sequestration of 32 ubiquitin (Ub) into inclusions reduces the availability of free Ub, which is essential 33 for cellular function and survival. However, the dynamics of the Ub landscape in ALS 34
Abstract 28
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease involving the 29 selective death of upper and lower motor neurons in the primary motor cortex and 30 spinal cord. A hallmark of ALS pathology is the accumulation of ubiquitinated 31 protein inclusions within motor neurons. Previous studies suggest the sequestration of 32 ubiquitin (Ub) into inclusions reduces the availability of free Ub, which is essential 33 for cellular function and survival. However, the dynamics of the Ub landscape in ALS 34
have not yet been described. Here we show that Ub homeostasis is altered in a SOD1 35 cell model of ALS. Utilising fluorescently tagged Ub, we followed the distribution of 36
Ub in living cells expressing SOD1 and show that Ub is present at the earliest stages 37 of SOD1 aggregation. We also report that cells containing aggregates of mutant 38
SOD1 have greater ubiquitin-proteasome system (UPS) dysfunction as measured by 39
the accumulation of the fluorescent proteasome reporter tdTomato CL1 . Furthermore, 40 SOD1 aggregation is associated with the redistribution of Ub and depletion of the free 41
Ub pool. Ubiquitomics analysis indicates that mutant SOD1 is associated with a shift 42 of Ub to a pool of supersaturated proteins including those associated with oxidative 43 phosphorylation and metabolism, corresponding with altered mitochondrial 44 morphology and function. Taken together, these results suggest misfolded SOD1 45 contributes to UPS dysfunction and that Ub homeostasis is an important target for 46 monitoring pathological changes in ALS. 47
49
Background 50
51
Amyotrophic lateral sclerosis (ALS, also known as motor neuron disease, MND) is a 52 progressive neurodegenerative disease leading to paralysis of voluntary muscles due 53 to the death of motor neurons in the brain and spinal cord. The prognosis of ALS is 54 poor, usually leading to death within 2 to 5 years of first symptoms. A fraction of 55 patients also develop clinical or subclinical frontotemporal dementia (FTD) [1] . In 56 most cases of ALS, the cause remains unknown (sporadic ALS; sALS). However, 57 approximately 10% of cases are inherited (familial ALS; fALS). A large proportion 58 (20%) of fALS cases can be attributed to mutations in the gene encoding superoxide 59 dismutase 1 (SOD1) [2] . SOD1 was the first gene discovered to cause fALS and is 60 also the most widely studied. There are now over 20 genes known to cause ALS Huntington's disease and ALS [6] . In the context of ALS, there is growing evidence 72 that a correlation exists between protein aggregate load and neuronal loss in ALS 73 spinal cord [7] [8] [9] [10] [11] . Our previous work showed a correlation between in vitro 74 UPS in the development of ALS pathology, the distribution and availability of Ub in 114 ALS models has not yet been described. In the work reported here, we sought to 115 characterise the Ub landscape in a cell-based SOD1 model of ALS (Figure 1 ). We 116
show that Ub homeostasis is disrupted in cells containing SOD1 aggregates by 117 following the distribution of fluorescently labelled Ub in live cells expressing SOD1. 118
The aggregation of mutant SOD1 leads to an accumulation of the proteasome reporter 119 tdTomato CL1 , indicative of UPS dysfunction. This dysfunction was further supported 120 by the redistribution of the Ub pool and decrease in free Ub levels observed in cells 121 with SOD1 aggregates. Moreover, ubiquitome analysis confirmed misfolded SOD1 122 was associated with Ub redistribution and subsequent alterations to mitochondrial 123 morphology. This report highlights that disruption to Ub homeostasis is associated 124 Ubiquitomics. Proteomics to identify ubiquitin-modified proteome (ubiquitome) in 232 NSC-34 cells was performed as described in [38] . Cells were lysed in lysis buffer (50 233 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% NP-40, 1 mM DTT, 1× EDTA-free 234 protease inhibitor cocktail, 10 mM N-ethylmaleimide, 1 mM sodium orthovanadate). 235
Protein concentration was determined using a BCA assay and 300 µg of total protein 236 was used per sample to immunopurify mono-and poly-ubiquitinated proteins using 237 30 µL of VIVAbind Ub affinity matrix (Ubiquitin Kit, VIVA Bioscience). Samples 238 were incubated for 2 h at 4 °C with end-to-end mixing then matrix was collected by 239 centrifugation (1 min; 4 °C; 1000 × g) and washed six times in detergent free wash 240 buffer (500 µL). After washing, beads were digested for 30 min at 27 °C, then 241 reduced with 1 mM DTT and left to digest overnight at room temperature with 242 sequencing-grade trypsin (5 µg/mL, Promega), as described previously [39] . Samples 243 were alkylated with 5 mg/mL iodoacetamide and protease digestion terminated with 244 trifluoroacetic acid. Trypsinized eluents were collected after brief centrifugation then 245 purified and desalted using self-packed tips with 6 layers of C18 Empore disks 246 (Pacific Laboratory Products), then dried in a SpeedVac. Samples were then 247 resuspended in 12 µL 5% formic acid, 2% acetonitrile and stored at -80 °C. 248 
Results

276
SOD1 aggregates are ubiquitylated early 277
We previously showed that all cellular SOD1 aggregates contained Ub at the time 278 inclusions we observed a high degree of overlap between SOD1 aggregates and Ub 291 when using both K48 and K63 chain specific antibodies ( Figure 2B ). We also found 292 that SOD1 aggregates contained K48 chains in SOD1 G93A mouse spinal motor 293 neurons ( Figure 2C) . 294
295
Cells with SOD1 aggregates have increased UPS dysfunction 296
We previously showed that a UPS reporter containing a CL1 degron peptide for rapid 297 degradation accumulates to significantly higher amounts in ALS patient fibroblasts 298 compared to controls, suggesting an overwhelmed UPS [36] . Work from others 299 suggests that SOD1 aggregates are toxic because they interfere with the quality 300 control function of the juxtanuclear quality control compartment (JUNQ) [20] . To 301 examine the relationship between SOD1 aggregation and UPS dysfunction we used 302 transiently transfected NSC-34 cells that contained SOD1
A4V -GFP and tdTomato CL1 . 303
We initially used flow cytometry to examine the effect of proteasome inhibition on 304 reporter accumulation. While there was a significant difference in reporter signal 305 between SOD1 and SOD1 A4V expressing cells, both cell lines showed a similar dose-306 dependent increase in reporter signal with MG132 treatment ( Figure 3A) . This 307 suggests that, while SOD1 A4V expression causes significant UPS disruption, there is 308 no specific vulnerability to proteasome inhibition of cells expressing mutant SOD1 309 compared to wild-type expressing cells. by Western blot (Figure 5A ). We did not observe any significant differences using 384 Table 1 
A4V -expressing cells, we first examined mitochondrial 433 morphology using Mitotracker and confocal microscopy ( Figure 7A-C) . We found 434 that SOD1
A4V -expressing cells contained a significantly higher number of 435 mitochondria per cell compared to controls ( Figure 7B ). In addition, we these 436 mitochondria are significantly more circular than those in control cells ( Figure 7C) . 437 We quantified mitotracker fluorescence in cells using flow cytometry, as above 438 inclusions is an important potential mechanism for depletion of free Ub, and in this 515 context free Ub levels can be partially restored by overexpression or removal of Ub 516 from the aggregated protein through ubiquitin-specific proteases. It was recently 517
shown that while the ataxia associated mutation in Usp14 causes reduction in free Ub 518 and neuromuscular junction dysfunction in mice, overexpression of Ub restored free 519
Ub levels in motor neurons and improved NMJ structure [66] . Additionally, free Ub 520 could be increased in cells containing huntingtin aggregates by overexpression of the 521 de-ubiquitylation enzyme USP14 [67] . Not only did this protect cells from aggregate-522 induced toxicity, it also reduced ER stress, which is thought to precede inclusion 523 formation in ALS models [18] . These data further support the concept that modulation 524 
Conclusions 555
In conclusion, we observe that the aggregation of mutant SOD1 leads to altered UPS 556 activity and redistribution of Ub, causing disrupted Ub homeostasis. Given that Ub 557 controls many essential cellular pathways that are also dysfunctional in ALS -558 including transcription, translation, vesicle transport, mitochondrial function and 559 apoptosis -these findings suggest that Ub homeostasis is a central feature of ALS 560 pathogenesis. Further understanding of the contribution of Ub homeostasis to ALS 561 pathology may be imperative to understanding the molecular pathways underpinning 562 neurodegenerative disease more broadly. 563 564 565 566
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Amyotrophic lateral sclerosis (ALS) shown are means ± SEM combined from 3 independent experiments (n ≥ 7). One way 985
Anova was used to compare differences. * and † indicate significant difference to 986 SOD1 A4V insoluble (TOTAL) in the cytoplasm and nucleus respectively. * † P ˂ 0.05, 987 ** † † P ˂ 0.01 . 
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